ABSTRACT
INTRODUCTION
Aging is accompanied by immunologic and endocrinologic changes. The former are associated with both a gradual loss of naïve T cells and an accumulation of memory or senescent T cells [1, 2] . Senescent CD8 T cells, which have high levels of killer Ig-like receptor (KIR) and short telomeres, are associated with increased prevalence of carotid artery lesions and adverse health outcomes [3, 4] . In addition, a substantial proportion of the elderly population have suboptimal 25-hydroxyvitamin D (25(OH)D) concentrations from the perspective of bone heath and possibly other chronic diseases, including cancer, cardiovascular disease, diabetes, autoimmune disease, and Alzheimer's disease [5] [6] [7] [8] [9] [10] [11] [12] [13] . A potentially beneficial role of vitamin D supplementation in reducing the risk of various chronic diseases has been widely accepted based on observational studies, but to our knowledge, there has been no large, long-term, randomized trial. Furthermore, the optimal serum concentration of 25(OH)D is still controversial, and possible effects of high levels of 25(OH)D on the aging process remain a possibility. The majority of in vitro and epidemiologic studies suggest that the optimal serum concentration of 25(OH)D is 30 ng/ml or greater for maintaining bone mineral density (BMD), lower-extremity function, and dental health and minimizing the risk of falls and fractures [14] [15] [16] . However, the underlying rationale for setting the lower limit of the normal range at 30 ng/ml is being questioned, given substantial individual variation in the PTH response to 25(OH)D and insufficient data to establish absolute cutoff levels of 25(OH)D for maximal calcium absorption [17] [18] [19] . Recent studies have shown a U-shaped association between 25(OH)D concentrations and adverse outcomes [17] and those associated with oral administration of high-dose cholecalciferol [20] . In addition, experimental studies have shown that not only low but also high 25(OH)D concentrations can accelerate aging and be deleterious to health [21, 22] .
The effects of vitamin D are mediated through its interaction with a high-affinity nuclear vitamin D receptor (VDR), a member of the nuclear receptor superfamily of ligand-activated transcription factors [23, 24] . Brain, prostate, breast, and colon tissues, among others, as well as immune cells express a VDR. Interestingly, among immune cells (CD4, CD8, B cells, and macrophages), it was noted that CD8 T cells express the highest concentrations of VDR [25] . Naïve T cells do not express VDR, but it was induced by T cell receptor (TCR) signaling via the alternative mitogen-activated protein kinase p38 pathway. This initial TCR signaling via p38 leads to successive induction of VDR and phospholipase C-γ1 (PLC-γ1), which are required for subsequent classical TCR signaling and T cell activation. Thus, vitamin D exhibits a unique function in enhancing TCR signaling [26] . By contrast, in autoimmune mice, administration of vitamin D prevented development of autoimmune encephalomyelitis (EAE), suggesting that in chronically stimulated T cells, vitamin D acts as a suppressor rather than an activator [27] .
Our understanding of the effects of vitamin D on CD8 T cells during aging remains limited. Given the reported adverse health outcomes associated with T cell sensecence [3, 4] and high vitamin D concentration [28, 29] , we investigated the relationship between serum 25(OH)-D concentration and CD8 T cell populations in healthy young elderly women.
Our previous studies have identified specific biomarkers for naïve (CD28 + CD95  ), effector (CD28 + CD95 + ) and senescent (CD28  CD95 + ) CD8 T cells [30] . Briefly, we verified these phenotypes by measuring the relative number of T cell receptor recombination excision circles (TRECs), which decline with cellular proliferation and with thymic involution. In addition, we assessed the expression of CD45RA, which is an established marker of resting naïve T cells, and CD45RO, which is a marker of activation commonly found on memory and effector cells for each phenotype [31] . We also analyzed the expression of CD127 (the IL-7R alpha chain), which is expressed on all mature CD8 + T cells after emigration from the thymus. Dow-nregulation of CD127 is associated primarily with T cell activation, whereas memory cells express high levels of CD127 [32] . 
MATERIALS AND METHODS

Subjects
A subset of 34 healthy participants from an ongoing clinical trial known as "Frequency of Aerobic/Resistance Training in Older Women" (Clinical Trials.gov, identifier NCTOl 031394) were studied. Healthy Caucasian or African-American women over 60 years of age were eligible for this study. Subjects that were excluded from the study included all those with diabetes, unstable cardiovascular disease, or mental health problems requiring pharmacologic intervention. Also excluded were those subjects who had sustained a cardiovascular or cerebrovascular accident in the three months prior to evaluation, had severe high blood pressure, had evidence of aneurysm, were taking certain medications used for myasthenia gravis, or had uncontrolled asthma, an asthmalike condition, or emphysema/chronic obstructive pulmonary disease (COPD). All subjects who had been diagnosed with cancer, were undergoing immunotherapy or receiving immune suppressants, showed symptoms of allergy or a recent history of infection, and had been vaccinated with pneumovax, influenza, or other types of vaccine within the last 3 years were also excluded to minimize the heterogeneity of immune responses elicited in vaccinated versus non-vaccinated individuals. Those who smoked, had osteoporosis, or were unable to perform weight-bearing exercises were also excluded. The studies were approved by the institutional review board at the University of Alabama at Birmingham, and informed consent was obtained.
Purification and Preparation of Peripheral Blood Mononuclear Cells (PBMCs)
PBMCs were isolated from 34 healthy female subjects, age greater than 60. As we described in the earlier study [30] , heparinized peripheral blood was collected and spun to isolate the buffy coat layer, which was then centrifuged through a Histopaque gradient (Sigma-Aldrich, St. Louis, MO) for 30 min at 1700 rpm, and the PBMCs collected from the interface.
Measurements
Serum 25(OH)D levels were determined by using the 25(OH)D ELISA Kit (intra-assay coefficient of variation, 3.34%, Inter Medico). Serum levels of inflammatory cytokines IFN-γ, IL-1, IL-6, and IL-17 and the Th2 cytokine IL-4 were determined by ELISA. Blood pressure, lipid profile, and body composition data were measured. Body fat and bone density were determined by dual-energy X-ray absorptiometry.
Cell Phenotypes
Cell phenotypes were examined by standard flow cytometry procedures as previously described [30] . This involved six-color immunofluorescence staining of cell samples using a combination of FITC-, PE-, and APCconjugated secondary antibodies for anti-CD8, anti-CD95, anti-CD28, anti-CD62L, anti-CD127, and anti-CCR7 primary antibodies. Naïve and senescent CD8 cells were determined based on expression of CD28 and CD95 (Fas) [30] . CD62L, CD127, and CCR7 expression was measured in each group (CD28 + CD95 − CD8 + T cells,
cells). Each experiment included cells incubated with isotype controls.
A total of 100,000 events for each sample were recorded and analyzed on an LSRII flow cytometer (BD Biosciences). The analysis was performed using FlowJo Software (TreeStar, Ashland, CA). Forward-angle light scatter was used to exclude dead and aggregated cells [30] .
Determination of T Cell Proliferative Response
PBMCs were resuspended in RPMI 1640 complete medium supplemented with 10% FCS, 50 mM 2-ME, 25 mM HEPES-buffered saline, 2 mM glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin and were stimulated with phytohaemagglutinin (PHA) at a concentration of 10 µg/ml. Proliferation of PBMCs after PHA stimulation was determined using the [ 3 H]-thymidine incorporation method, as we previously described [33, 34] . Briefly, the PBMC cultures were pulsed with [ 3 H]-thymidine (Amersham Pharmacia Biotech) 18 h before harvest. Proliferation was estimated by measuring the incorporation of [ 3 H]-thymidine into the cells on days 3 (D3 PHA) and 7 (D7 PHA) after stimulation and after addition of anti-Fas antibody at day 2 (D3 PHA+anti-Fas) and 4 (D7 PHA+anti-Fas) to induce apoptosis. We were unable to analyze some of the 34 subjects for the proliferation assay (6 subjects) and cytokine assay (8 subjects) due to low baseline cell counts or small sample volumes.
Measurement of Lipid Profile
These were carried out using the Ektachem DT II system as described by Hunter, et al. [35] . With this system, highdensity lipoprotein-cholesterol (HDL-C) is measured after precipitation of low-density lipoprotein (LDL) and very low-density lipoprotein (VLDL) with dextran sulfate and magnesium chloride. Control sera with low and high substrate concentrations were analyzed with each group of samples, and values for these controls were required to fall within accepted ranges before samples were analyzed. The DT II instrument was calibrated every 6 months with reagents supplied by the manufacturer. LDL was estimated using the Friedewald formula [36] .
Statistical Analysis
The results are expressed as the mean and standard deviation (SD). The two-tailed Student's t-test and paired t-test were used for comparison between high-and low-25(OH)D groups. A partial correlation coefficient controlling for total body fat and/or age was calculated for the association between 25(OH)D levels and frequencies of naïve CD8 T cells. A one-way analysis of variance (ANOVA) was used when more than two groups of samples were compared. Repeated measurements of ANOVA were used to compare proliferative responses and activation-induced cell death between 25(OH)D groups. Multiple linear regressions were used to determine whether age and/or total body fat had an effect on the association between 25(OH)D levels and frequencies of CD8 T cells. Raw data for cytokines were normalized by logarithmic transformation for statistical analysis. P < 0.05 was considered to be a statistically significant difference or correlation.
RESULTS
CD28
+ CD95
−
CD8 + T Cells Express High Levels of CCR7, CD127, and CD62L
As we demonstrated in our previous study [30] , the pool of CD28 + CD95 − CD8 + T cells is mainly composed of naïve CD8 + T cells, which have high expression of CD45RA and CD127 and high numbers of TREC + cells. In this study, we analyzed the expression of CD62L, CD127, and CCR7, which are highly expressed in resting, naïve T cells [37] . We confirmed that the CD28 + CD95
subpopulation of CD8 T cells expresses higher levels of CCR7, CD127 and CD62L compared with CD28 + CD95 + and CD28 -CD95 + subpopulations of CD8 + T cells (Figure 1) . Although there are overlaps among subpopulations of CD8 + T cells, we showed that differrential expression of CD28 and CD95 allows for the identification of naïve, memory, and senescent (terminally differentiated memory) CD8 + T cell subsets. Figure 2 Figure 2(d) ).
T Cell Proliferative Response and Anti-Fas Response Were Not Different between 25(OH)D Groups
One of the major changes in human T cell functions associated with aging is diminished proliferation in response to antigenic stimulation [38] . Vitamin D can exert a potent growth-inhibitory, antiproliferative or pro-differentiating action on a wide variety of cell types through binding with the nuclear vitamin D receptor (VDR) [39] . Activated T lymphocytes from normal human subjects are known to express the specific high-affinity receptor for 1,25-dihydroxyvitamin D3 (1,25-(OH)2-D3) [40] . Therefore, we investigated the T cell proliferative response and anti-Fas antibody-mediated apoptosis. After PHA stimulation, the results did not show statistically significant differences in [3H]-thymidine incorporation at day 3 (D3 PHA) and day 7 (D7 PHA) between the two groups nor anti-Fas antibody-mediated suppression of the T cell proliferative response (Figure 3(a) ). Given the disparity in sample size between races (Caucasian, n = 22; African-American, n = 6) for the proliferation assay, the statistical comparison was not ideal, although we observed marked racial differences in T cell proliferative response and anti-Fas antibody-induced cell death (Figure 3(b) ).
Various Cytokine Levels Were Not Different between 25(OH)D Groups
Assessments of T cell responses in elderly humans that indicate changes in cytokine profiles and an imbalance in the production of various cytokines, such as IL-2 and IFN-γ, may reflect a dysregulation that results in a decreased proliferative response in lymphocytes with increasing age [41] . In addition, differentiation and main tenance of CD8 T cells are influenced by the cytokine milieu [42, 43] . Vitamin D is an important regulator of the immune system, and effector T cell cytokine production is also regulated by vitamin D, which stimulates transforming growth factor (TGF) and interleukin 4 (IL-4) production [44] and reduces the production and/or expression of the Th1-associated cytokines, such as TNF-α and IFN-γ, in T cells [45] [46] [47] . Therefore, we measured and compared cytokine levels according to T cell phenoltypes and serum 25(OH)D levels. However, there were no significant associations between various cytokine levels and CD8 T cell phenotypes. In addition, cytokine levels were not statistically different between the two 25(OH)D groups, although the high-25(OH)D group exhibited higher levels of IL-4, IL-6, and IL-17 as well as lower levels of IL-1 (Figure 4(a) ). Caucasian women had consistently higher levels of cytokines than African-American women, but statistical comparison was limited due to the discrepancy in sample size (Figure 4  (b) ).
DISCUSSION
This is the first study showing that higher 25(OH)D levels are associated with decreased frequencies of naïve T cells and increased frequencies of effector T cells in the young elderly. The wide distribution of the percen- Although lympho-hematopoietic defect or dysfunction caused by high vitamin D is very unlikely, this possibility cannot be excluded, because hematologic data were not gathered in this study. Our findings are consistent with the novel concept that phosphate and vitamin D metabolism participate in the regulation of aging [21, 22, 24] . The Klotho gene encodes a novel type I membrane protein of the beta-glycosidase family, functioning as an aging-suppressor gene that extends life span when overexpressed. The Klotho gene mutation in mouse results in a syndrome that resembles accelerated human aging, including a short lifespan, vascular calcifications, soft-tissue calcifications, skin atrophy, osteoporosis, and premature thymic involution as well as hypoglycemia, hyperphosphatemia, and, paradoxically, high plasma calcitriol levels [23] . However, a vitamin D-deficient diet rescued premature aging phenotypes in Klotho knockout mice [22, 24] . Hypervitaminosis D accompanied by klotho deficiency may mediate these thymic epithelial defects and also affect thymic differentiation of dendritic cells [48, 49] . These in vivo studies together with our findings suggest that vitamin D has a role in immunologic aging processes. Increased frequencies of effector T cells in the high-25(OH)D group are likely due to augmented T cell signaling and T cell activation via VDR expression on T cells. Information about vitamin D supplementation was not available in this study, and it is not clear whether higher 25(OH)D levels and decreased frequencies of naïve T cells were caused by genetic differences, such as the Klotho mutation or VDR polymorphism, or by differences in environmental exposure or vitamin D supplementation. In addition, the 25(OH)D level in the study participants ranged from 13.4 to 66.9 ng/ml (31.8 ± 12.1), and the mean value of the high-25(OH)D group was only 41.77 ng/ml, which is considered to be within the upper range of normal values. Data is limited in the range of very-low and very-high 25(OH)D, and further research is needed to determine the range of deficient and toxic levels. Given the small number of participants, the naïve T cell percentages were not significantly different when analyzed only for Ca-ucasian women (n = 28, p = 0.073) but the high-25(OH)D group of Caucasian women had a 47% lower frequency of naïve T cells than the low-25(OH)D group. However, African-American women had lower 25(OH)D levels (n = 6, 24.4 ± 8.2 ) with a relatively higher naïve T cell percentage (15.1 ± 11.3%). A higher naïve T cell percentage in the low-vitamin D group could be confounded by this racial difference. T cell differentiation and senescence are also regulated by neuroendorine and metabolic factors, such as GH/IGF-1, components of the mammalian target of rapamycin (mTOR) signaling pathway, and adipokines, but these were not directly measured in this study. Given the small sample size, significant individual variation, uneven racial distribution, and the narrow range of vitamin D levels in this study, we were not able to find any significant group differences in cytokine profile or proliferation/apoptosis. Analysis of the proliferative responses of subpopulations of CD8 T cells would be beneficial to determine if naïve or effector CD8 T cells from lowor high-25(OH)D group exhibit differential proliferative responses, and if modulations of the levels of 25(OH)D can affect the response. Such studies will help to identify the functional effects of vitamin D on specific populations of CD8 T cells from older subjects.
Decreased frequencies of naïve CD8 T cells and increased frequencies of effector CD8 T cells are consistently observed with aging, and this pattern is more prominent with chronic CMV antigenemia in the elderly [50] and is associated with increased mortality in nonagenarians [51] . In addition, a decreased immunologic repertoire may pose increased risk of serious infection and decreased vaccination response [52] . We observed that the high-25(OH)D group exhibited typical immunologic changes of aging in this study. There are no studies on the direct association between these immu-nologic changes and adverse health outcomes, including all-cause mortality. Thus, it remains unclear whether these findings imply adverse effects from higher 25-(OH)D levels in young elderly women. Given the current practice of vitamin D supplementation and the lack of data on extra-skeletal health, further studies on the immunologic effects of vitamin D and their related health outcomes are urgently needed.
